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Abstract. We have performed micromagnetic simulations to study the
formation of skyrmions in ferromagnetic elements with different shapes having
perpendicular anisotropy. The strength of Dzyaloshinskii-Moriya interaction (D)
and uniaxial anisotropy (K) are varied to elucidate the regime in which skyrmion
formation can take place. It is found that for a certain combination of D and K
skyrmion formation does not happen. Further we also observed that for large D
and small K values, finite size effect dominates which in turn hinders formation
of typical Ne´el (spherical) skyrmions. However the resulting magnetic phase is
skyrmionic in nature and has different shape. We also have found that the shape of
the magnetic nano element has a significant role in determining the final magnetic
state in addition to the competing D and K values.
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1. Introduction:
Skyrmions [1] are topological objects with a particu-
lar spin structure and are observed in ferromagnetic
systems with prominent Dzyaloshinskii-Moriya inter-
actions (DMI) [2, 3]. Skyrmions are classified as Bloch
and Ne´el type[4], predominantly observed in bulk ma-
terials and thin films, respectively. Skyrmions are also
observed in wide range of materials like insulators [5],
doped semiconductors etc. [6]. It should be noted that
thin films with perpendicular anisotropy and broken
inversion symmetry may experience non-negligible in-
terfacial DMI (iDMI) which leads to the formation of
Ne´el skyrmions with radial chirality [7].
Skymions in ultra-thin films are being extensively
studied both experimentally and theoretically over
the last decade. Recently it has been proposed that
skyrmions in thin magnetic films have potential for
future applications viz. in magnetic storage devices
[8] due to their stability and reduced dimensions.
Skyrmion based devices are predicted to replace the
conventional logic gates because driving skyrmions
require lower current density [9].
The strength of iDMI (D) and anisotropy (K)
determine the generation and size of skyrmions [9,
10, 11, 12, 13, 14, 15]. The previous reports are
mostly focused on a particular shape of the magnetic
nanoelement e.g. nanodot or nanowire considering
a set of values for D and K. Recently a lot of
attention has been focused on tuning D and K by
choosing different combinations of ferromagnets (e.g.
CoFeB, Co, Fe) and high spin orbit coupling materials
(e.g. Pt, Au, W, Ir) for creating skyrmions [16, 17,
18, 19, 20]. Various experimental techniques such
as Brillioun light scattering, spin polarized electron
energy loss (SPEEL), etc. have been employed to
evaluate the strength of DMI [20, 21]. However, it is
experimentaly challenging to systematically tune the
values of D and K to understand in which range of
these two parameters skyrmions can be formed. On
the other hand, micromagnetic simulation provides
unique advantage of choosing different combinations
of D and K over a wide range [22, 23]. Recently, a lot
of work regarding the observation of Ne´el skyrmions
have been performed in multilayer structures with
cobalt as the sandwich material[24, 25, 26]. It has
been observed that in Co/Pt or Co/Pd systems show
strong spin-orbit coupling which is the prerequisite to
obtain high iDMI. Additionally, the thickness of the
Co layers can be tuned to modify the strength of
D and K. However inspite of several work related
to this topic, a systematic study for the creation
of skyrmions for various D and K in a wide range
of values is necessary.[11, 12, 13, 14] In this paper
we have performed micromagnetic simulations on Co
based systems to address this aspect using the object
oriented micromagnetic framework (OOMMF) package
[27]. Both the size and shape of the skyrmions strongly
depend on the combination of D and K values and
on the shapes of magnetic nanoelement. Further
we have performed simulations by choosing material
parameters of another ferromagnet i.e. Fe. We also
compare our results to experimental observation of
skyrmions. We believe our results will be helpful
for experimentally designing magnetic multilayers for
skyrmionic based devices.
Micromagnetic simulations solve the Landau-
Lifshifz-Gilbert (LLG) equation:
dm
dt
= −|γ|m×Heff + α
(
m× dm
dt
)
(1)
to obtain the stable magnetization configuration in
a ferromagnetic material [28]. In equation (1), γ is
the gyromagnetic ratio and α is the Gilbert damping
constant. Heff is the effective magnetic field of the
system which is given by:
Heff = −1/(µoMs)(∂Etotal/∂m) (2)
where, µo is the permeability in vacuum and Etotal
is the magnetic energy of the system which consists
of various energy terms such as exchange (Eex),
anisotropy (Eani) and DMI (EDMI). [29] Therefore,
Etotal can be written as:
Etotal = Edemag + Eex + Eani + EDMI (3)
where, Edemag is the demagnetization energy, Eex =
−Ji,j(sˆi · sˆj), Eani = K(sˆi · zˆ)2, and EDMI = dij ·
(sˆi × sˆj), respectively. Rohart et al. have shown that
an extension to OOMMF is suitable to incorporate
iDMI in thin-films for the study of skyrmions [30]. The
contribution of DMI to the effective magnetic field is
given by,
HDMI =
2D
µoMs
[(∇ ·m)z−∇mz] (4)
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where, D is the DMI strength constant, Ms is the
saturation magnetization, mz is the magnetization
component along z axis, m is the magnetization and z
is the unit vector along z axis.
Another important parameter for a spin structure
to be declared as a skyrmion is the skyrmion number
or the topological number. The topological skyrmion
number Nsk is defined as the number of times m(r)
wraps around a unit sphere. For a skyrmion, the value
of Nsk is 1. The skyrmion topological number in a thin
film system is defined as[23]:
Nsk =
1
4pi
∫∫
S
m · (∂m
∂x
× ∂m
∂y
)
dxdy (5)
It should be noted that Nsk is calculated over the whole
magnetic element considered in the simulation.
2. Experiment
The 3D solver of the object oriented micromagnetic
framework (OOMMF) [27] i.e. Oxsii was used for
the simulations. As discussed earlier, an extension
to OOMMF was used to introduce iDMI in the
simulations [30]. We performed the micromagnetic
simulations on a 0.6 nm thick Cobalt film with the
area of 100 nm×100 nm. We took the saturation
magnetisation Ms = 1.1×106 A/m, and exchange
stiffness A = 1.6×10−11 J/m for our system. The
uniaxial anisotropy and the strength of the iDMI was
varied for different simulations to check the optimum
condition to achieve stable skyrmions. The cell size
was kept at 0.5 nm×0.5 nm×0.6 nm. We have
not used any periodic boundary conditions (PBC)
in our simulations, because PBC would eliminate
the contribution appearing from the edges of the
nanoelements. The topological number of skyrmions
was calculated by a home-built python code based on
Equation 5.
3. Results and Discussion
Figure 1 shows formation of typical Ne´el skyrmions
from a bubble domain state at the center of a
ferromagnetic element (100 nm × 100 nm) without
any external magnetic field. The inner and outer
radii of the initial bubble domain are 16 and 22.5
nm, respectively. The bubble domain state has 2
distinct spin configurations with the red and blue
area representing the +z and –z spin directions,
respectively. The white area in the middle has spins
in the xy plane which represents the width of the
domain wall. It is expected that in the absence of
any external magnetic field, the bubble would collapse
due to its unstable nature. However, as the simulation
begins, the influence of iDMI starts realigning the
spins into a skyrmionic state where the change in
spin direction from +z to –z occurs continuously over
a large area. The simulation ends when the spin
configuration of the skyrmion becomes stable [22].
To ensure the stability of the final magnetic state,
we have waited for sufficient time for completion of
the simulation. We have used the criteria of dmdt <
0.01◦/ns. This states that when the change in angle of
the tilt in the magnetization vector at any spatial point
in the nanoelemnt is < 0.01 degree/nano-second, the
simulation will stop. The starting bubble domain and
skyrmions look very similar to each other. However,
one should note that, the spin rotation across a bubble
domain and a skyrmion is different. For clarity the
spin structure for bubble and a skyrmion is shown in
Fig. S1 of the supplementary information. Further, the
bubble is not a stable magnetic state and will evolve
into either a skyrmionic, or a saturated state with
time. Additionally, the skyrmions can be driven in
a nanotrack with application of current pulses because
of their topological stability whereas the bubbles will
either collapse or saturate under it. Depending on
the value of iDMI constant (D) and perpendicular
uniaxial anisotropy (K), the stability and the sizes
of the skyrmions get modified significantly. Figure
Figure 1. Creation and evolution of skyrmion from intitial
bubble state for two representative simulations with D = 4
mJ/m2 and K = 1×106 J/m3 (a)–(d); and D = 3.5 mJ/m2 and
K = 0.4×106 J/m3 (e)–(h), respectively. The simulation area of
the ferromagnetic element is 100 nm×100 nm. The initial bubble
domain radius is same (22.5nm) for both the simulations.
1(a)–(d) show the evolution of spins from the initial
bubble state to a fully skyrmionic configuration for D
= 4 mJ/m2 and K = 1×106 J/m3. In this particular
simulation, the size of the skyrmion also starts to
shrink to attain an energetically stable state. Similarly,
Figure 1(e)–(h) shows the evolution of spins at different
stages with D = 3.5 mJ/m2 and K = 0.4×106 J/m3.
It should be noted that in the later case the size of
the skyrmion varies significantly in comparison to the
former one (Figure 1(d)) because of different D and K.
Figure 2(a) shows the variation of skyrmion radius
with respect to K for different values of D represented
by different colors. The skyrmion radius (referring to
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Figure 2. The size of skyrmions as a function of (a) K (at
different D), and (b) D (at different K). The units of D and K
in (a) and (b) are in mJ/m2, and MJ/m3, respectively.
Fig. 1) is defined as the distance between the end of
–z spin-orientation (blue region) to the centre of +z
spin-orientation (red region) [22]. It shows that for a
particular value of D , the size of skyrmion decreases as
the value of K increases. Similarly, Figure 2(b) shows
the variation in skyrmion radius as a function of D for
different K values. It is clear from Figure 2 that large
values of D and small values of K is required for the
formation of stable and large sized skyrmions.
In magnetic nanostructure it is well known that
finite size effect plays a crucial role in determining
the magnetic ground state. In device application it is
desirable to study the existence of skyrmion formation
in magnetic element with dimension of a few tens of
nanometers. In this work we also explored the regime
of D and K in which the finite size effect dominates.
Figure 3(a)-(f) shows the development of an initial
bubble state at D=5 mJ/m2 and K=0.4×106 J/m3.
As mentioned earlier, the topological number(Nsk) = 1
of a stable magnetic state corresponds to a skyrmionic
state. Nsk has been derived using a python code based
on eqn. 5. It should be noted that Nsk ≈ 1, for this
particular state, indicates that the stable state is not
completely skyrmionic and has unusual shape due to
the edge effect. The type of the magnetic state having
the shape shown in figure 3(f) is called as incomplete
skyrmion [31, 32]. Further, figure 3(g)-(l) shows similar
development of magnetic states at D=5 mJ/m2 and
K=0.2×106 J/m3. For the magnetic state shown in
figure 3(l) Nsk ≈ 5. Such magnetic configurations
with higher Nsk values are reported as helical state in
literature [32]. However, one should note that, if the
Nsk is calculated individually for the closed topological
object at the center, it would lead to Nsk = 1 (for
Fig. 3(l)). Therefore, the magnetic states observed
under the edge effect can be divided into two parts:
incomplete skyrmions and helical states. These two
type of stable magnetic structures strongly rely on the
interplay of the values of D and K as well as the finite
size effect of the magnetic nanoelement.
Figure 4(a) shows a phase map of different
magnetization states (saturation, skyrmion, domains
dominated by edge effects) evolved from a bubble
domain under the influence of the strength of iDMI
and anisotropy varied over a wide range. It is observed
that the bubble domain evolves into a saturated state
when the value of D is very low. The green colored area
marked in Figure 4(a) shows the data points (black
star) with differentD and K values, where no skyrmion
is generated and with time the bubble evolves into
saturation. Simulations reveal that, 1.5 ≤ D ≤ 7.5
mJ/m2, and K ≥ 0.2 MJ/m3 are the pre-requisite
for the formation of skyrmions. The magnitude of
D and K also govern the radius of the skyrmions as
shown by the red circular dots with different sizes on
a relative scale. The smallest and largets radii of
the skyrmions are 7.1 nm and 41.2 nm, respectively.
The size of the skyrmions from our work matches well
to the experimental findings of previously reported
literature [33, 34, 35, 36]. We observed that when
the value of D is ≥ 4.5 mJ/m2, for lower value of
K, the bubbles evolve into helical domain states [30]
and domain states dominated by the edge effect [37, ?].
The area marked with cyan color shows the data points
(pink diamonds) with different values of D and K
where the bubbles evlove into skyrmionic and helical
states with edge effects. In order to understand the
dependence of skyrmion size on the values of D and K,
we plotted the radii of skyrmions as a function of D/K
in Figure 4(b). The blue circled data points in Figure
4(b) show the radii of the skyrmions for the value of
D/K=5.0 nJm (for different values of D and K). The
values of the radii obtained at D/K=5.0 nJm are 0
nm (no skyrmion)(D=1.0 mJ/m2 , K=0.2 MJ/m3),
17.9 nm (D=2.0 mJ/m2 , K=0.4 MJ/m3), 21.2 nm
(D=4.0 mJ/m2 , K=0.8 MJ/m3), 25.0 nm (D=5.0
mJ/m2 , K=1.0 MJ/m3), and 42.2 nm (D=6.0 mJ/m2
, K=1.2 MJ/m3). Similarly, the black and green
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Figure 3. Simulations showing the development of skyrmionic state for D=5mJ/m2 and K=0.4×106 J/m3 (a)-(f) and a helical
state for D=5mJ/m2 and K=0.2×106 J/m3 (g)-(l)
Figure 4. (a) Phase plot showing the possibility of existence
of skyrmions along with other magnetic states (magnetic
saturation state achieved with no skyrmion, helical states
dominated by edge effect) depending on the values of D and
K. The red circular dots represent the relative size of the
skyrmions normalized to the maximum size (i.e., 41.2 nm) which
we obtained. The star data points represent the magnetic state
with no skyrmions. The data points represented by diamond
(pink) depict the magnetic states dominated by edge effect. (b)
Variation of the radius of the skyrmions with respect to the D/K
ratio which is analyzed from fig 4a. The blue, black, and green
circles represent data points with D/K ratio of 5, 7.5, 10 nJm,
respectively, with different D and K values (refer to main text
for detailed explanation).
circled data points in Fig. 4(b) represent the skyrmions
sizes obtained at D/K=7.5 nJm and D/K=10.0 nJm,
respectively. The radius obtained for D/K=7.5 nJm
are 25.0 nm (D=1.5 mJ/m2 , K=0.2 MJ/m3), 30.9
nm (D=3.0 mJ/m2 , K=0.4 MJ/m3), and 41.2 nm
(D=4.5 mJ/m2 , K=0.6 MJ/m3). Further, the radius
of the skyrmions for D/K=10.0 nJm are 32.1 nm
(D=2.0 mJ/m2 , K=0.2 MJ/m3), and 41.2 nm (D=4.0
mJ/m2 , K=0.4 MJ/m3). From this comparison, we
note that for the same D/K ratio the radius of the
skyrmions can be different. Similar but few simulations
were carried out by taking the material parameters of
Iron. A similar behaviour towards the relaxation of
bubble domains to form skyrmions was also observed
(see supplementary Fig.S2).
Figure 5. (a)-(d) Creation and evolution of skyrmion from
initial bubble state for two representative simulations with
D=4.5 mJ/m2 and K=1.4 MJ/m3. (e)–(h) showing the stepwise
development of skyrmion from bubble domain state in a diamond
shaped sample for material parameters D=1.5 mJ/m2 and
K=0.2 MJ/m3.
Further, to study the role of shape of the magnetic
nanoelement in confining skyrmions, we simulated
various types of nanoelements such as triangular and
diamond. In all the simulations, the net sample area
was kept equal to that of the square nanoelements
shown in Fig.1-3. Fig. 5(a)–(d) show the development
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of a bubble domain in a triangular sample with
D=4.5 mJ/m2 and K=1.4 MJ/m3. Fig.5(e)–(h) show
similar development of skyrmion from a bubble domain
confined in a diamond shaped sample for D=1.5
mJ/m2 and K=0.2 MJ/m3. Nevertheless, there is no
significant difference between a diamond and a square
shaped magnetic element, apart from the fact that it
is 45◦ rotated. However, in a periodic lattice of such
nanoelements, the shape anisotropy arising from the
two different elements will be different. Hence, we
conclude that by choosing proper combination of D
and K, skyrmions can be stabilized in different shaped
nanostructures.
Figure 6. The final stable states in a triangular nanoelement
are shown for D=4.5 mJ/m2 and K=0.4 MJ/m3 (a) and
D=7.5 mJ/m2 and K=2.0 MJ/m3 (b). These states are called
incomplete skyrmion because Nsk ' 1.
Fig.6(a) and 6(b) show two special domain
strutures obtained in the triangular sample for D=4.5
mJ/m2, K=0.4 MJ/m3; and D=7.5 mJ/m2, K=2.0
MJ/m3, respectively. It should be noted that, in spite
of the unconventional shape, calculation of topological
number in such domain strutures yielded the value Nsk
≈1. Hence these magnetic states can be called as a
incomplete skyrmion.
Figure 7. Formation of various helical states from bubble
domains trapped in various samples of different shapes, sizes and
magnetic properties. Material parameters are (a) D=7.0 mJ/m2
and K=0.6 MJ/m3, (b) D=8.0 mJ/m2 and K=0.2 MJ/m3, (c)
D=7.0 mJ/m2 and K=0.6 MJ/m3 and (d) D=8.0 mJ/m2 and
K=0.2 MJ/m3.
We also observe formation of helical states (similar
to 3(g)–(l)) in triangular and diamond shaped samples.
Fig.7 show such helical state in the triangular sample
for (a) D=7.0 mJ/m2, K=0.6 MJ/m3, and (b) for
D=8.0 mJ/m2, K=0.2 MJ/m3. Similarly, fig.7 (c) and
(d) show the helical states observed in the diamond
sample for D=7.0 mJ/m2, K=0.6 MJ/m3; and D=7.0
mJ/m2, K=0.6 MJ/m3, respectively.
4. Conclusions
The stability of single skyrmion in the presence of iDMI
has been discussed with the help of micromagnetic
simulations. Extensive simulations show that the
size and shape of Ne´el skyrmion strongly depend on
the iDMI strength as well as on the perpendicular
anisotropy of the material. In the experiments the
K and D values may be chosen systematically by
varying the thickness of the constituent layers to obain
skyrmions with very low dimension from applications
point of view. We also note that achieving very high
value of D is not feasible from experimental point of
view. This aspect can be further taken care of by
choosing low perpendicular anisotropy of the magnetic
heterostructure. Further it is found that for a set
of D and K values the finite size of the magnetic
nanoelement plays a crucial role. The latter may lead
to helical domain states or even to a skyrmionic stable
state which has a shape very different as compared
to the conventional (i.e. circular) Ne´el skyrmions.
Further studies are required to elucidate the effect of
the finite size and shape of the magnetic nanostructure
on the formation of such unusual skyrmionic states.
The nature of the magnetic state for a certain D
and K combination is similar in different shapes of
magnetic nanoelements studied in this work. This
further confirms that the combination of D and
K values plays the driving role in determining the
magnetic configuration in such systems. The results
presented in this work may be considered as a phase
diagram for designing experimental samples (thin
film heterostructures) for creating skyrmions which
can be of significant importance in future spintronic
applications.
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